Abstract Hematopoietic cytokines, traditionally known to influence cellular proliferation, differentiation, maturation, and lineage commitment in the bone marrow, include granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor, stem cell factor, Flt-3 ligand, and erythropoietin among others. Emerging evidence suggests that these cytokines also exert multifarious biological effects on diverse nonhematopoietic organs and tissues. Although the precise mechanisms remain unclear, numerous studies in animal models of myocardial infarction (MI) and heart failure indicate that hematopoietic cytokines confer potent cardiovascular benefits, possibly through mobilization and subsequent homing of bone marrow-derived cells into the infarcted heart with consequent induction of myocardial repair involving multifarious mechanisms. In addition, these cytokines are also known to exert direct cytoprotective effects. However, results from small-scale clinical trials of G-CSF therapy as a single agent after acute MI have been discordant and largely disappointing. It is likely that cardiac repair following cytokine therapy depends on a number of known and unknown variables, and further experimental and clinical studies are certainly warranted to accurately determine the true therapeutic potential of such therapy. In this review, we discuss the biological features of several key hematopoietic cytokines and present the basic and clinical evidence pertaining to cardiac repair with hematopoietic cytokine therapy.
Introduction
Hematopoietic cytokines, which include granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), stem cell factor (SCF), Flt-3 ligand (FL), and erythropoietin (EPO) among others, have traditionally been known to participate in survival, proliferation, lineage commitment (decision to enter a specific maturation pathway), differentiation (qualitative cellular phenotypic changes due to synthesis of new gene products), and maturation (quantitative cellular phenotypic changes resulting in functional competence) of hematopoietic progenitors, lymphoid and myeloid cells, red blood cells, and platelets [107, 128] (Fig. 1) . However, growing evidence indicates that the biological effects of these cytokines extend well beyond the traditional realm of hematopoiesis regulation. In this regard, a number of recent studies have shown that administration of hematopoietic cytokines is associated with improvement in survival, left ventricular (LV) function, and remodeling in animal models of acute myocardial infarction (MI) and cardiomyopathy (Tables 1, 2 ). Based on this evidence, safety and efficacy of cytokine therapy for cardiac repair in patients with acute MI have been tested in several randomized controlled trials (RCTs) [35, 36, 66, 70, 89, 133, 148, 160, 174] . Although results from these studies have been variable, subsequent meta-analyses of pooled data from RCTs of G-CSF therapy for cardiac repair in patients with acute MI suggested that G-CSF therapy does not improve LV function and structure in unselected patients with acute MI beyond those achieved with conventional therapy [2, 173] (Table 3) .
Although it is difficult to reconcile these divergent observations from animal studies and clinical trials, it is important to consider that cardiac benefits of cytokine therapy may potentially depend on a number of variables, including the extent of BMC mobilization and homing, characteristics of mobilized cells, timing of therapy, mobilization-independent effects of cytokines, and also on patient characteristics. Indeed, in our meta-analysis [2] , G-CSF therapy was beneficial in patients with acute MI with impaired LV ejection fraction (EF) at baseline, and when therapy was initiated early. It is also important to recognize that potential differences in intracellular signal transduction pathways among different species may account for the failure to recapitulate findings from one species in another [140] . Moreover, cytokine combinations with synergistic effects may be more potent compared with G-CSF treatment alone [25] . It is therefore likely that optimization of various therapeutic as well as patient selection variables in future studies may result in superior cardiac repair with cytokines. In this article, we review the basic and clinical evidence supporting a beneficial role of specific hematopoietic cytokines in cardiac repair and the putative mechanisms underlying these benefits.
Granulocyte colony-stimulating factor G-CSF is a glycoprotein consisting of 4 antiparallel a-helices with a molecular weight of 19 kDa [166] . Produced by BMCs, macrophages, endothelial cells, fibroblasts, mesothelial cells, and astrocytes in response to a variety of stimuli [30, 104] , G-CSF primarily acts via activation of the G-CSF receptor (G-CSFR). The G-CSFR has a composite structure consisting of an extracellular domain, a single transmembrane domain, and a cytoplasmic domain, which consists of three conserved amino-acid sequences [30, 45] (Fig. 2) . Stimulation of G-CSF receptor initiates maturation, survival, proliferation, and functional activation of granulocytes [30] . Although the signaling details continue to unfold, an involvement of STAT3 has been reported in the differentiation and maturation of various subsets of BMCs in response to G-CSF [26, 105] . G-CSF also plays a crucial role in the mobilization of granulocytes, as well as stem and progenitor cells from BM into the peripheral circulation [84] . Recent reports have documented an increase in the number of circulating progenitor cells [90, 139] as well as in the level of endogenous G-CSF [90] in the peripheral blood of patients with acute MI, underscoring the importance of G-CSF signaling in ischemic heart disease.
Studies of G-CSF therapy in animal models of acute MI
The safety and efficacy of G-CSF therapy for infarct repair in the setting of an acute MI have been evaluated in a large number of studies in mouse, rat, rabbit, pig, dog, and primate models (summarized in Table 1 ). Orlic et al. [121] were the first to demonstrate that administration of G-CSF and SCF (5 days prior to and 3 days after coronary occlusion) in mice with acute MI improves survival, improves LV performance, and mitigates LV remodeling by inducing formation of new cardiomyocytes and vessels in the infarct region. Subsequently, Minatoguchi et al. [108] reported attenuation of LV remodeling and dysfunction with G-CSF therapy and attributed these observations to regulation of phagocytosis of necrotic tissue, fibroblast proliferation, and angiogenesis by G-CSFmobilized leukocytes. In mouse and pig models of coronary occlusion/reperfusion, respectively, Ohtsuka et al. (Table 2) , was associated with improved cardiovascular outcomes, G-CSF alone has failed to confer cardiac repair in several studies from other laboratories. For example, Norol et al. [116] observed an increase in myocardial blood flow and endothelial cell differentiation in a nonhuman primate model after a single administration of G-CSF and SCF 4 h after coronary occlusion; however, these were not associated with any functional benefit or reduction in infarct size. In another study [167] , G-CSF treatment in rats with acute MI neither improved cardiac function nor showed cardiomyocyte proliferation. In view of the above, it is fair to conclude that the efficacy of G-CSF as a single agent for cardiac repair in animal models remains debatable.
Studies of G-CSF therapy in animal models of cardiomyopathy G-CSF therapy has also been applied in animal models of both ischemic as well as nonischemic cardiomyopathy ( Table 1 ). The ability of G-CSF to improve myocardial function in the setting of ischemic cardiomyopathy was examined by Kawamoto et al. [79] in a swine model of chronic circumflex artery ischemia. A combination of G-CSF and SCF along with intramyocardial VEGF-2 gene transfer improved myocardial vascularity as well as LV performance. However, cytokine therapy alone without VEGF-2 gene transfer was ineffective in improving cardiac function. In the study by Hasegawa et al. [54] , pigs with chronic hibernating myocardium were treated with G-CSF for 1 week and followed up for 2 months. G-CSF therapy increased vascular density, decreased fibrosis, and decreased apoptosis within the ischemic zone, thereby improving the global LV function. The reparative efficacy subcutaneous, :
decreased, $ no change of G-CSF in bona fide ischemic cardiomyopathy was further tested by Li et al. [93] , who examined the effects of G-CSF treatment in mice with established postinfarct LV remodeling and dysfunction at 12 weeks after coronary occlusion. A considerably smaller dose of G-CSF (10 lg/ kg per day) was administered 5 days/week for a period of 4 weeks (in contrast to 5-10 consecutive days in most studies of acute MI). G-CSF therapy enhanced cardiomyocyte G-CSFR expression, decreased fibrosis by increasing the expression of MMP-2 and MMP-9, induced hypertrophy of surviving cardiomyocytes, and improved cardiac function [93] . In contrast, treatment with both low-dose and high-dose G-CSF failed to improve LV function, infarct size, and hypertrophy in a rat model of postinfarct cardiomyopathy in a more recent study [96] .
The ability of G-CSF to improve LV function in the setting of nonischemic cardiomyopathy was demonstrated in a study by Miyata et al. [111] , who used a hamster model of autophagic dilated cardiomyopathy. G-CSF therapy attenuated LV remodeling and improved LV function as well as survival. Furthermore, in a model of doxorubicininduced LV dysfunction, an 8-day course of G-CSF initiated 2 weeks after the cessation of doxorubicin treatment improved LV function and normalized LV pressures by decreasing cardiomyocyte apoptosis and the expression of apoptotic mediators such as Fas [65] .
Mechanisms of G-CSF-induced cardiac repair
Although myocardial homing of mobilized BMCs is thought to play a critical role in G-CSF-induced cardiac repair, a number of additional mechanisms have emerged from recent studies. These include apoptosis inhibition, promotion of angiogenesis and reendothelialization, proliferation and differentiation of cardiomyocytes, direct cardioprotective effects, modulation of extracellular matrix, and other paracrine mechanisms, all of which can potentially contribute to the observed improvement in cardiac structure and function (Fig. 3 ).
Mobilization and myocardial homing of BMCs
In studies of cardiac repair, although cytokine-induced mobilization and myocardial homing of BMCs with subsequent differentiation into cells of cardiac lineages have been reported [25, 121] , these effects were noted primarily with combination (G-CSF ? SCF and G-CSF ? FL) cytokine therapy, while G-CSF monotherapy proved relatively ineffective [25] . Additional studies have generated conflicting evidence regarding the relative contribution of cardiomyocytic differentiation of G-CSF-mobilized BMCs toward the functional and structural improvement after MI [31, 44] . In the study by Askari et al. [8] , transplantation of SDF-1-transfected syngeneic cardiac fibroblasts into the periinfarct zone along with G-CSF therapy induced homing of CD117? BMCs to the heart and resulted in improved cardiac function, although G-CSF alone was unable to induce BMC homing. In the study by Kawada et al. [78] , G-CSF administration after MI resulted in myocardial homing and cardiomyocytic differentiation of mobilized cardiomyogenic cells. Similarly, increased infiltration of the infarcted myocardium by BM-derived side-population cells following G-CSF therapy has also been reported [5] . The importance of BMC homing in infarct repair is further supported by findings from a study in which administration of AMD3100, a specific inhibitor of CXCR4, reduced myocardial homing of CXCR4? BMCs and abolished the reparative effects of G-CSF therapy [109] . Collectively, these results suggest that myocardial recruitment of BMCs via the SDF-1/CXCR4 axis plays an important role in mediating the reparative effects of G-CSF.
Antiapoptotic, proliferative, and direct cytoprotective effects of G-CSF
Convincing data from recent studies indicate that various cell types in the heart, including cardiomyocytes, endothelial cells, and interstitial cells, express G-CSFR [51, 87] . Since G-CSFR can activate prosurvival signaling via the JAK/STAT pathway [14] , it is conceivable that G-CSF can potentially exert direct cytoprotective and proliferative effects in the myocardium (Fig. 3 ). In the study by Harada et al. [51] , G-CSF treatment inhibited H 2 O 2 -induced reduction in Bcl-2 and inhibited myocyte apoptosis in vitro.
In transgenic mice overexpressing a dominant negative mutant STAT3 (dnSTAT3-Tg), G-CSF therapy failed to improve cardiac function despite increased number of c-kit?/Sca-1? BMCs in the peripheral blood. Furthermore, the post-MI beneficial effects of G-CSF could be recapitulated in a Langendorff model of myocardial ischemia/ reperfusion injury. These results suggest that the beneficial effects of G-CSF may be attributed, at least in part, to its antiapoptotic actions via activation of the JAK/STAT pathway [51] . Growing evidence indicates that G-CSF influences cell cycle-regulating molecules, including the cyclin-dependent kinase inhibitor p27, thereby shortening the G 0 /G 1 phase and promoting cellular proliferation and survival [34, 154, 164] . Consistently, G-CSF has been shown to induce proliferation of mouse cardiomyocytes and human troponin I-positive cells from cardiomyopathic heart [50] . Furthermore, in a mouse model of myocardial infarction, G-CSF therapy increased the number of resident cardiac Sca-1? cells, indicating that G-CSF actions may also involve activation of certain cardiac progenitors [17] .
A direct cardioprotective effect of G-CSF was also reported in a hamster model of dilated cardiomyopathy [111] . Although protection against apoptosis was not observed, G-CSF therapy protected cardiomyocytes against autophagic cellular degradation via JAK/STAT activation thereby attenuating progression to heart failure [111] . In addition to the antiapoptotic and antiautophagic effects, G-CSF may also exert an acute ''postconditioning-like'' effect [158] . In isolated-perfused rat hearts (wherein the contribution of BMCs was excluded completely), G-CSF administration at the onset of reperfusion led to the activation of Akt/eNOS signaling cascade leading to increased NO production and reduction in infarct size [57, 158] . Furthermore, administration of L-NAME, a specific eNOS inhibitor, blunted the G-CSF-induced reduction in infarct size, thereby suggesting the involvement of endothelial cells in G-CSF-mediated cardioprotection. Together, the above studies indicate that by activating several prosurvival signaling pathways, G-CSF is able to exert multifarious beneficial effects on the postinfarct myocardium independent of BMC mobilization.
Induction of angiogenesis and arteriogenesis
In addition to the above cytoprotective actions on cardiomyocytes, a number of additional beneficial actions of G-CSF on ischemic tissues have been identified in recent studies. G-CSF administration shortly after an acute MI has been associated with increased neovascularization in the periinfarct area and decreased endothelial cell apoptosis in both small animal [29, 51, 75, 87, 109, 118] as well as large animal [73] models. In the study by Ohtsuka et al. [118] , G-CSF therapy for 5 days after coronary occlusion in mice improved cardiac function, attenuated adverse remodeling and increased the number of capillaries in the infarct borderzone without significant regeneration of cardiomyocytes. Although the precise mechanism remains unclear, recent reports by Ohki et al. [117] and Capoccia et al. [22] suggest that G-CSF-stimulated neutrophils and monocytes are capable of promoting neovascularization in ischemic tissues via paracrine mechanisms. G-CSF also mobilizes EPCs [62] that may contribute to angiogenesis as well as reduce atherosclerosis progression [136] . Since G-CSF can increase the expression of intracellular adhesion molecule-1 [29] and SDF-1 [99, 109] , greater accumulation of circulating leukocytes, EPCs, and CXCR4? cells [42, 109] may be responsible for the observed increase in vascularity in the periinfarct areas.
In addition to angiogenesis, the vasculogenic benefits of G-CSF therapy may also involve arteriogenesis (formation of mature and functional arteries from pre-existing arterioarteriolar connections after arterial occlusion). Although the impact of G-CSF and GM-CSF in arteriogenesis has been examined largely in the context of cerebral vasculature [63] , G-CSF administration has also been shown to enhance myocardial arteriogenesis after MI [29, 87] . Arteriogenesis is a complex process that involves leukocytes, cytokines, and adhesion molecules such as ICAM-1, which mediates leukocyte adhesion [28] . In this regard, administration of G-CSF following MI was associated with increased expression of ICAM-1 in arterioles at the infarct borderzone, accumulation of leukocytes, and proliferation of arteriolar endothelial cells and smooth muscle cells [29] .
Antiinflammatory effects of G-CSF
Acute myocardial ischemic injury is characterized by inflammation and oxidative stress, which influence the outcomes both in the acute setting and chronically during remodeling. After an acute MI, a number of inflammatory cytokines [tumor necrosis factor (TNF)-a, interleukin (IL)-6, IL-1b, interferon (IFN)-c, and such] released by the inflammatory cells as well as the myocytes impact myocyte survival, apoptosis, angiogenesis, alteration in matrix, and cardiac function and remodeling [82, 115] . While the production of G-CSF by human monocytes is stimulated by inflammatory mediators [97] , G-CSF has been shown to exert antiinflammatory effects by modulating the release of cytokines that are known to play important roles in postinfarct myocardial inflammation and remodeling [52] . Indeed, pretreatment with G-CSF in vivo has been shown to reduce the release of TNF-a by macrophages [49] and IL-2 and IFN-c by T cells [124] following lipopolysaccharide (LPS) challenge. Consistently, G-CSF pretreatment in humans reduced TNF-a release from monocytes, and increased the whole blood levels of IL-1 receptor antagonist (IL-1ra) and soluble TNF-a receptors I and II following LPS stimulation ex vivo [53] . Subsequent studies have verified similar effects in vivo in humans [123] and identified the involvement of functional G-CSF receptors on monocytes in this process [15] . Although the molecular specifics in the context of myocardial inflammation remain relatively unexplored, these antiinflammatory effects of G-CSF may potentially improve LV remodeling following MI. A role of G-CSF in protection against oxidative stress was documented in a recent study by Hou et al. [64] , in which treatment with G-CSF decreased myocardial malondialdehyde levels and increased glutathione levels in rats with doxorubicin-induced cardiotoxicity. These antioxidant effects of G-CSF may also contribute toward improving cardiac function and structure following MI. Future investigations of markers and molecular determinants of myocardial oxidative stress may elucidate additional mechanisms underlying the benefits of G-CSF therapy in the setting of an acute MI.
Other beneficial effects of G-CSF
Modulation of various constituents of myocardial extracellular matrix (ECM) has been advanced as an additional mechanism of G-CSF-induced benefits. In the post-MI period, G-CSF therapy has been shown to increase the levels of MMP-1 and MMP-9 with accelerated resorption of necrotic tissue and reduction in infarct scar size [108, 109] . G-CSF-induced increase in TGF-b and procollagen type-I and type-III mRNA expression in the infarcted area may also result in infarct size reduction [144] . Further evidence of ECM alteration came from the study by Fujita et al. [43] , in which G-CSF therapy after MI in EGFP chimeric mice led to increased homing of EGFP ? BMCs into the infarct region with subsequent differentiation into vimentin? and a-SMA? myofibroblasts. Although regeneration of bona fide cardiomyocytes was not noted, cardiac function improved in G-CSF-treated mice, indicating that population of the infarcted myocardium with BMC-derived myofibroblasts can also effectively improve LV function. Additional favorable effects of G-CSF on the ECM include increase in connexin-43 expression in the periinfarct zone and modulation of function of gap junctions in cardiomyocytes, which have been shown to reduce the incidence of ventricular arrhythmias [87] .
Clinical trials of G-CSF therapy in acute MI
Although the results from animal studies of cardiac repair with G-CSF as monotherapy have been mixed, the safety and efficacy of G-CSF in patients with acute MI have been evaluated in several clinical trials (Table 3 ). In the MAGIC randomized trial [76] , patients underwent percutaneous coronary intervention (PCI) of the infarctrelated coronary artery and received either G-CSF alone (10 lg/kg for 4 days before PCI) or a combination of G-CSF and intracoronary infusion of peripheral blood stem cells harvested by plasmapheresis. Despite improvement in LVEF, exercise capacity, LV end-systolic volume (LVESV) and myocardial perfusion, the study was prematurely terminated after 6 months of follow-up because of a high incidence of in-stent restenosis in G-CSF-treated patients [76] .
Improvement in various parameters of LV function and anatomy was reported in several subsequent trials. In the randomized phase I FIRSTLINE-AMI trial, patients with ST-elevation MI (STEMI) received a 6-day course of 10 lg/kg G-CSF (starting at 90 min after reperfusion) and were followed up for 1 year. Treatment with G-CSF improved LV function and enhanced systolic infarct wall thickening with no increase in the incidence of restenosis [70, 71] . In the study by Kuethe et al. [86] , patients with acute MI who received G-CSF (10 lg/kg) for 7 days starting 2 days after PCI showed improvement in regional wall motion, myocardial perfusion, and LVEF after 3 months with no significant adverse effect. In the GLEAM trial, a lower dose of G-CSF (2.5 lg/kg for 5 days) was administered in acute MI patients with total occlusion of left anterior descending coronary artery. After 6 months, greater LVEF and smaller LVESV were noted in G-CSF-treated patients without any increase in restenosis compared with controls [148] .
However, several other RCTs have failed to confirm the above beneficial effects of G-CSF therapy in patients with acute MI. The STEMMI [133] and the REVIVAL-2 [174] trials included patients with ST-elevation MI treated with PCI within 12 h after symptom onset. In STEMMI, although G-CSF injection was safe and well tolerated, it did not lead to greater improvement in LV function or infarct size compared with placebo-treated patients [133] . In REVIVAL-2, while G-CSF therapy successfully mobilized BMCs, there was no significant improvement in LV function or infarct size after 6 months. In the G-CSF-STEMI trial [36] and the dose-escalation study by Ellis et al. [35] , G-CSF therapy was unable to improve cardiac function after MI. Furthermore, in G-CSF-STEMI trial, changes in global and regional cardiac function during 12 months of follow-up were monitored by magnetic resonance imaging, which showed no improvement in myocardial function with G-CSF therapy [37] .
Because of the above diversity in outcomes in small clinical trials, the efficacy of G-CSF therapy for infarct repair has been evaluated in several meta-analyses [2, 173] . In the meta-analysis by Zohlnhofer et al., which included data from 10 RCTs, G-CSF therapy was not associated with any significant benefit in terms of LV function or anatomy compared with controls. In our meta-analysis [2] , although G-CSF therapy was ineffective in unselected patients with acute MI, subgroup analyses suggested that G-CSF therapy might be beneficial in patients with reduced LV function at baseline. Our results also indicated that such therapy might be more beneficial when G-CSF was administered early after an acute MI [2] . Indeed, studies in which G-CSF was started early after acute MI has shown improvement in LV function [71, 148] in comparison with studies in which G-CSF treatment was started later [36, 133, 174] . Moreover, as discussed earlier, the benefits of G-CSF therapy may also involve direct cytoprotective actions, which are likely to be more beneficial during the early phase of reperfusion after an acute MI. However, these inferences remain to be validated in future animal experiments and clinical trials. Importantly, results from these meta-analyses [2, 72, 173] indicate that G-CSF therapy does not lead to increased risk of in-stent restenosis or other major adverse effects.
The precise reasons for this apparent failure of G-CSF monotherapy in cardiac repair remain to be fully understood. Although G-CSF therapy mobilizes BMCs [84] , different cytokines preferentially mobilize different subsets of BMCs [56, 114] , and the efficacy of mobilization of primitive progenitors is relatively lower with G-CSF compared with other cytokine combinations [25] . Moreover, the cytokine regimens also influence the expression of surface markers responsible for homing on mobilized cells [25] . Thus, the lack of efficacy in clinical trials of G-CSF monotherapy may be due, at least in part, to mobilization and myocardial homing of a relatively small number of primitive stem/progenitor cells.
Clinical trials of G-CSF therapy in chronic myocardial ischemia
Several clinical trials have evaluated the safety and clinical benefits of G-CSF therapy in patients with chronic myocardial ischemia due to severe occlusive coronary artery disease (CAD) [58, 67, 134, 163] (Table 3 ). In patients with chronic myocardial ischemia, G-CSF therapy increased the number of circulating CD34? cells without improving LVEF or perfusion [58, 163] . The improvement in angina score and nitroglycerin intake [163] supported the importance of mobilized stem cells toward the observed clinical benefits. Although data from animal studies demonstrated vasculogenic benefits with combined VEGF-A gene transfer and G-CSF treatment for the differentiation of stem cells into endothelial cells [77, 79] , in the study by Ripa et al. [134] , VEGF-A 165 gene transfer followed by subcutaneous injection of G-CSF in patients with severe occlusive CAD neither induced vasculogenesis nor improved patient symptoms. In another study involving patients with ischemic or dilated cardiomyopathy, treatment with G-CSF improved NYHA class and 6-min walking distance [67] .
In summary, although results from animal studies have been promising, clinical trials evaluating safety and efficacy of G-CSF therapy in patients with chronic myocardial ischemia have failed to show convincing and consistent benefits. Whether further modifications in cytokine combinations, dose, and patient selection will improve outcomes remains to be tested in future clinical trials.
Granulocyte-macrophage colony-stimulating factor
In addition to its actions on bone marrow hematopoietic progenitors, GM-CSF can effectively modulate proliferation, migration, and other biological properties of a number of nonhematopoietic cells, including bone marrow fibroblasts, tumor cell lines, and endothelial cells [19, 27, 141] . GM-CSF-induced upregulation of adhesion molecules enhances the recruitment of circulating leukocytes, especially monocytes, to endothelial cells [32, 46] . GM-CSF also increases the number of circulating monocytes, which have been implicated both in angiogenesis and LV remodeling [61, 101, 165] , and the level of circulating GM-CSF is elevated in patients with ischemic dilated cardiomyopathy [126] . Moreover, in models of hindlimb ischemia and ocular micropocket assay, mobilization of endothelial progenitor cells by GM-CSF has been shown to enhance angiogenesis [147] .
Studies of GM-CSF therapy for cardiac repair in animal models
Because of its ability to mobilize BMCs and in view of the above considerations, the efficacy of GM-CSF therapy for cardiac repair has been tested in animal models of acute MI. In the study by Terrovitis et al. [150] , GM-CSF administration for 3 weeks after a reperfused MI in pigs failed to reduce infarct size or improve LV function. In the study by Maekawa et al. [102] , upregulation of GM-CSF by romurtide reduced expression of TGF-b1 and collagen types I and III in the infarcted myocardium and promoted tissue infiltration by ED-1? monocytederived macrophages, which were associated with marked infarct expansion after acute MI [102] . Similar worsening of outcomes after MI with GM-CSF therapy has been reported by Naito et al. [113] , who noted increased infiltration of the myocardium by dendritic cells with GM-CSF therapy. Therefore, although GM-CSF may confer cardiac reparative benefits when administered with other growth factors [170] , current evidence suggests that GM-CSF-induced cellular infiltration and molecular changes may cause more harm than good in the post-infarction period.
Clinical trials of GM-CSF therapy
In humans, short-term administration of GM-CSF in patients with chronic myocardial ischemia has been shown to improve collateral blood flow [137] . Despite this beneficial effect, plasma levels of GM-CSF in patients with heart failure correlates with neurohormonal activation, hemodynamic deterioration, and LV dysfunction [125, 126] . In addition, administration of GM-CSF in cancer patients has been shown to transiently increase LV endsystolic dimensions and decrease cardiac contractility [83] . Future studies in animal models will be necessary to evaluate whether the angiogenic potential of GM-CSF can be safely utilized for myocardial repair.
Stem cell factor
SCF, also known as kit ligand or steel factor, binds to c-kit (a type III tyrosine kinase receptor) and exerts its activity at the early stages of hematopoiesis acting synergistically with colony-stimulating factors [16] . The activation of c-kit is triggered by the binding of dimeric SCF leading to homodimerization of two c-kit molecules. Phosphorylated tyrosine residues on c-kit have binding sites for many signaling proteins such as members of the PI3-K/Akt, RAS/MAPK and JAK/STAT signaling pathways. Subsequent activation of these signaling proteins and their related pathways leads to cell proliferation, differentiation, survival, and chemotaxis [16, 85, 100] . Administration of SCF, especially in combination with G-CSF, results in mobilization of hematopoietic progenitors into the peripheral blood [40, 171] .
In addition, SCF (also known as 'mast cell growth factor') not only elicits differentiation, maturation and adhesion of mast cells [119] , but also regulates their proliferation [156] and migration [106] , and promotes survival by inhibiting apoptosis [69] . Mast cells arise from multipotent hematopoietic stem cells [81] , and participate in host defense, innate immunity, and inflammation [3] . SCF has been shown to promote mast cell development from bone marrow, umbilical cord blood and peripheral blood progenitors [80, 110, 159] . In the heart, SCF expressed in macrophages in the infarcted myocardium plays a key role in promoting chemotaxis and growth of mast cell precursors [41] . However, although SCF is expressed abundantly in the myocardium, its expression decreases after MI [169] , and the accumulation of mast cells after MI varies depending on the species [33].
Studies of SCF therapy for cardiac repair in animal models
Since Lin-/c-kit? cells were shown to induce robust infarct repair [120] and because administration of SCF along with G-CSF could induce a 250-fold increase in Lin-/c-kit? cells in the circulation [13] , in a seminal study [121] , Orlic et al. tested whether G-CSF ? SCF therapy would induce cardiac repair after MI. Mice received SCF and G-CSF injections for 5 days, underwent coronary ligation, and received cytokines for an additional 3 days. At 27 days after MI, SCF ? G-CSF therapy reduced mortality and improved cardiac function and remodeling by promoting formation of new myocytes and vessels from mobilized BMCs that homed into the myocardium. Expanding upon these observations, in a subsequent study [25] , we examined whether cytokine combination therapy would confer reparative benefits when initiated after an acute MI. After 35 days of follow-up, G-CSF and SCF therapy was associated with improved LV function indicating that such therapy is efficacious in a clinically relevant scenario after a reperfused MI. Although improvement in LV function has been reported in other studies in rats [88, 138] and mice [75, 87, 118] , in the study by Ohtsuka et al. [118] , administration of SCF alone after MI was unable to improve post-MI outcomes. In addition, in the study by Deten et al. [31] , no cardiac functional benefit was observed with G-CSF ? SCF therapy in a mouse model of coronary ligation. Although regeneration of infarcted myocardium has been shown by G-CSF ? SCF therapy [25, 121] , the mechanisms remain controversial [138] , and the efficacy of this therapy remains to be proven in humans.
FLT-3 ligand
As a ligand for the flt-3/flk-2 tyrosine kinase receptors, FL plays a critical role in proliferation, survival, and differentiation of early hematopoietic precursors [98] . Binding of FL to flt-3 activates PI3-K/Akt and RAS signaling cascades, leading to inhibition of apoptosis and increased cell proliferation, respectively. PI3-K activation stimulates several downstream molecules such as PDK-1, Akt and mTOR, which in turn activate p70 S6 kinase (S6K) and inhibit eukaryotic initiation factor 4E-binding protein (4E-BP1) leading to gene transcription. Additionally, activation of PI3K inhibits apoptotic cell death through phosphorylation of proapoptotic Bcl-2 family protein Bad. The p21RAS pathway is activated when FL associates with GRB2 through SHC. The activation of RAS stimulates downstream effectors such as Raf, MAPK, and ERK1/2, which activates cAMP-response element binding protein (CREB), ELK and STATs and leads to transcription of genes involved in cell proliferation.
Studies of FL therapy for cardiac repair in animal models
Studies in mice have shown a striking synergistic effect on mobilization and engraftment of hematopoietic progenitors when G-CSF and FL are used in combination [114, 143] . Because of this synergy, we examined the comparative efficacy of G-CSF ? FL therapy versus G-CSF ? SCF and G-CSF alone for cardiac repair after a reperfused MI in mice [25] . Among these combinations, G-CSF ? FL therapy was associated with the greatest extent of cardiac differentiation of EGFP ? BMCs, and was most effective in improving LV function and remodeling. Interestingly, G-CSF ? FL therapy was also associated with increased expression of CD62L and CD11a on mobilized BMCs, suggesting that improved homing of BMCs to the infarcted myocardium contributed to the reparative benefits with this therapy [25] . Increased mobilization and myocardial homing of Lin-/Sca-1?/c-kit? BMCs may also explain the superiority of G-CSF ? FL in comparison with other cytokine combinations. Although our results from a recent study [135] indicate that the beneficial effects of G-CSF ? FL therapy are also sustained during long-term follow-up (up to 48 weeks), the efficacy of FL in cardiac repair remains to be examined in the clinical setting.
Erythropoietin
Produced primarily in kidneys in response to hypoxia, EPO acts synergistically with other growth factors, such as GM-CSF, SCF, and IL-3, to promote maturation as well as proliferation of erythroid progenitor cells [39] . The actions of EPO in the BM are mediated by activation of specific membrane-bound EPO receptor (belongs to a cytokine type-1 receptor superfamily), which is expressed primarily by erythroid progenitor cells [74] . Interaction of EPO with its membrane-bound receptor leads to dimerization of receptor and activation of receptor associated JAK2, leading to the activation of numerous intracellular signaling cascades, including PI3-K/Akt, MAPK, and JAK/ STAT pathways [39, 131] . Activation of these pathways by EPO results in upregulation of antiapoptotic protein Bcl-XL, inhibition of caspase activation, and increase in eNOS expression, which contribute collectively to EPO-induced inhibition of apoptosis in various tissues [18, 103] .
Studies of EPO therapy for cardioprotection in animal models
Although EPO-induced improvement in cardiac parameters in patients with CHF was noted many years ago, these benefits were attributed primarily to correction of anemia [48] . Subsequent studies revealed that EPO can favorably modulate the activity of cardiac Na ? /K ? /ATPase, thereby improving cardiac contractility [162] . Consistent with its ability to mobilize cellular antiapoptotic machinery [47, 155] , a direct cardioprotective role of EPO in the setting of myocardial ischemic injury was documented in more recent studies, in which administration of recombinant EPO was associated with reduced infarct size, reduced apoptosis, and improved LV function [20, 21, 112, 127] .
Apart from its direct cytoprotective effects, EPO also exerts a potent angiogenic effect [11, 132] , which can contribute to improved cardiac structure and function after MI. In the infarcted heart, EPO therapy has been shown to increase capillary density [60, 129, 152, 161, 168] , which was associated with decreased periinfarct fibrosis [152] , attenuation of LV hypertrophy [161] , and improvement in LV function [60, 129, 152, 161, 168] . Consistent with its effects on hematopoietic cells in the bone marrow, EPO has been shown to increase the number of circulating endothelial progenitor cells (EPCs), which might account for ischemia-induced neovascularization [55, 129, 157, 168] . Recent studies indicate that upregulation of myocardial expression of VEGF also contributes toward EPOinduced improvement in myocardial vascularity [168] .
Clinical trials of erythropoietin therapy after acute MI With the above evidence supporting a beneficial role of EPO, several clinical trials have examined the safety and efficacy of EPO for myocardial salvage in the setting of an acute MI. In the first single-center prospective safety and feasibility study, one bolus dose (300 lg iv) of the longacting EPO analogue darbepoietin alfa administered before primary PCI in patients with acute MI failed to improve LV EF significantly [95] . However, darbepoietin therapy increased the number of CD34?/CD45-cells in the peripheral blood, and was well tolerated without any major adverse effect. Similar results were obtained in a randomized placebo-controlled safety study in patients with non-ST-elevation acute coronary syndromes, in which a single dose of EPO (40,000 IU iv) failed to limit myocardial damage assessed by enzyme levels [94] . EPO administration was associated with increased systolic blood pressure, although no other adverse effect was noted. This failure to reduce enzymatically determined infarct size was mirrored in a larger study with 236 patients with acute STelevation MI who received EPO (30,000 IU iv) immediately before thrombolytic therapy [12] . In contrast to these earlier findings, improvement in LV function with EPO treatment has been reported in more recent randomized controlled trials [38, 122, 149] . In the study by Ferrario et al. [38] , administration of EPO (33,000 IU) before PCI and at 24 and 48 h after admission reduced CK-MB release by 30% and improved remodeling in patients with first uncomplicated MI. In the EPO/AMI-1 study [122] , EPO (12,000 IU iv) administered after PCI in patients with acute MI improved LVEF in treated patients. In the EPOC-AMI study [149] , therapy with low-dose EPO (6,000 IU iv) during PCI, and at 24 and 48 h later improved LVEF, reduced LVESV, and decreased infarct size compared with baseline in the treated group, although the outcomes in treated and control groups were not significantly different. However, these studies enrolled relatively few patients (30-36 patients) and the follow-up duration was rather short (6 months). The results from the prospective randomized HEBE III trial [9] , in which 466 patients with fist acute MI will be enrolled and a bolus of EPO (60,000 IU iv) will be administered within 3 h of PCI, will provide more definitive information in this regard.
Future perspectives
Although a number of cytokines have been tested in animal models, the clinical evidence regarding the utility of such therapy in cardiac repair comes largely from studies with G-CSF; and recent meta-analyses of pooled data have shown the lack of efficacy of G-CSF in inducing cardiac repair in unselected patients [2, 173] . This is somewhat paradoxical, because G-CSF mobilizes BMCs, and substantial clinical evidence supports the efficacy of BMC therapy in patients with ischemic heart disease [1, 24] . However, stem cell-mediated cardiac repair is far more complex than once perceived, and a number of seemingly minor variables may influence this process. Indeed, the dose of G-CSF, duration of therapy, the interval between acute MI and therapy initiation, the LV function at baseline, and other patient characteristics may all influence the outcomes. In this regard, the final verdict on G-CSF therapy will emerge not from meta-analyses, but from adequately powered randomized controlled trials with optimized study parameters, i.e., dose, duration, timing, patient population, and outcome parameters, to name a few.
However, the results from G-CSF monotherapy may not be extrapolated to cytokines in general or cytokine combination therapies, which may induce more vigorous mobilization of BMCs compared with G-CSF alone. Indeed, although animal studies have shown that addition of other factors to G-CSF such as SDF-1 [8] , SCF [25, 121] and FL [25, 135] could enhance myocardial homing of BMCs, clinical data from such combinatorial therapy are not available yet. At present two clinical trials using combination therapy are underway. The effect of sitagliptin (a dipeptidyl peptidase-IV inhibitor) in combination with G-CSF on myocardial function in patients undergoing PCI for acute MI is being tested in a phase III randomized placebo-controlled trial (SITAGRAMI, NCT00650143) [151] ; and the efficacy and safety of combination cytokine treatment with short-term G-CSF administration and intracoronary infusion of mobilized peripheral stem cell with darbepoetin infusion are being evaluated in MAGIC Cell-5-Combicytokine Trial (NCT00501917). However, the results with combination therapy in animal studies have also been mixed [6, 25, 130, 135] , and the success with such therapy will need to be eventually validated in realworld patients.
Conclusions
Accumulating evidence from animal models of MI as well as heart failure indicates that therapy with hematopoietic cytokines improves cardiac structure and function.
Although myocardial homing and subsequent cardiac differentiation of cytokine-mobilized BMCs plays a role in this reparative process, recent reports have identified various other salubrious effects of cytokines, including inhibition of myocyte apoptosis and induction of neovascularization. However, clinical trials of G-CSF therapy in humans have yielded discordant results, and no significant cardiac benefit was observed with G-CSF monotherapy in unselected patients with acute MI. Given the extensive evidence in support of a beneficial role of cytokine therapy in cardiac repair and myocardial protection, further experimental and clinical studies are warranted to investigate the potential of other hematopoietic cytokines as well as cytokine combinations in cardiac repair in patients with ischemic heart disease. 
